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Abstract
Staphylococcus aureus can survive and colonize a multitude of environmental niches
including the human host. S. aureus is responsible for over 11,000 deaths yearly, and many studies
correlate the survival and proliferation of S. aureus to its acquisition and utilization of proline.
Proline is an important amino acid as it serves as both an osmotic protectant and carbon source.
It was determined that S. aureus had a severe growth defect when grown in osmotically stressed
conditions without proline. Additionally, in an abscess environment, where it is hypothesized that
the primary carbon sources (i.e. glucose) are depleted, S. aureus will acquire proline from the
extracellular milieu as a secondary carbon source. The transport of proline occurs through three
transporters, a high-affinity proline permease, PutP and two low-affinity proline transporters,
OpuD and ProP. In this study, we sought to investigate the function and regulation of the three
transporters. It was determined that CcpA negatively regulated the expression of the three
transporters, while σB (SigB) negatively regulated the expression of putP. Finally, we found that
osmotic stress upregulates the expression of opuD and proP, but downregulates putP expression.
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Chapter 1: Introduction
S. aureus is an important opportunistic pathogen and is responsible for over 11,000
deaths annually [1]. The formation of a skin and soft tissue abscess is a hallmark of a S. aureus
infection. The ability to form an abscess requires adaptation to the unique micro-niches within
the human host [2, 3]. Surviving in the human host requires the utilization of a variety of virulence
factors to colonize, adhere, and manipulate the host immune system [2]. Moreover, the
environment within an abscess varies in pH, with an increase in pH associated with both chronic
skin infections and a decrease in wound healing time [3-5]. Additionally, studies have shown that
the environment within the abscess is also metabolically limited with proteins and peptides
serving as the primary carbon source after host-mediated depletion of glucose [2-6]. Adapting to
the limited carbon sources and changes in pH determines whether S. aureus can proliferate in the
environment. Furthermore, it is hypothesized that the host responds to the invading pathogen by
excreting sodium chloride to the site of the infection, creating an osmotically stressed
environment [3, 5, 7]. Thus, mechanisms have evolved to protect bacterial cells against these
environmental stressors [8, 9].
One response to osmotic stress is the accumulation of osmolytes [10]. Osmolytes are nontoxic at high concentrations, highly soluble, and have no net charge at physiological pH [11]. Many
classes of osmolytes exist, from polyols (i.e. glycerol, sorbitol, and glucose), and a wide variety of
amino acids [8, 11]. Of the amino acids, glycine betaine and proline are found to be the most
osmotically protective [8, 11-13]. Multiple studies in S. aureus and other bacterial species
associate the accumulation of proline with survival under osmotically stressed conditions [3, 811, 14-23]. A study observing the effects of osmotic shock in S. aureus, found intracellular proline
concentration increasing from approximately 35 nmol to 400 nmol after exposure to a 1.72 M
NaCl solution [19]. Furthermore, the addition of 2 M NaCl was found to upregulate the expression
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of rocD and rocF, the genes involved in the metabolism of proline in S. aureus [24]. The acquisition
of proline in S. aureus occurs through three known proline transporters, PutP, a high-affinity
proline permease, and two low-affinity proline transporters: ProP and OpuD [25-29]. Indeed, a
mutation in high-affinity proline transporter gene, putP, resulted in attenuation of growth in an
abscess model, and a decrease in concentration of intracellular proline [30]. This thesis will discuss
the unique functions and transcriptional regulation of the three proline transporters and their
potential roles in the adaptation and survival of S. aureus in an abscess.
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Glycolysis: Survival under Nitric Oxide Stress
One of the first responses to an invading pathogen from the host innate immune system
is the production of nitric oxide (NO) from macrophages [31-33]. Nitric oxide (NO) is a broadspectrum antimicrobial agent capable of disrupting metabolic pathways (i.e. the tricarboxylic acid
cycle, pyruvate metabolism, and lipid biosynthesis), aerobic respiration, and DNA replication [3438]. S. aureus can circumvent the disruption of metabolic pathways of NO by fermenting glucose
via an NO-insensitive lactate dehydrogenase (Ldh) into lactate and regenerating NAD+, thus
restoring glycolytic flux and redox balance [38-40]. Indeed, mutations in ldh and glycolytic genes
resulted in attenuation of growth under NO stress [31, 38, 41, 42].
As S. aureus continues to persist within the abscess, it will form bacterial aggregates,
surrounded by lysed host cells and phagocytes [2, 33]. It is hypothesized that this environment
will be depleted of glucose as the M-1 macrophages will rapidly consume glucose through H1F1α (a transcription factor that mediates the upregulation of glycolysis) activation [2, 6, 33]. As S.
aureus lacks a glyoxylate shunt and β-oxidation system, required for the catabolism of lipids, it
must rely on the acquisition of peptides and amino acids for use as carbon sources [43]. Moreover,
previous studies have determined that S. aureus will grow in the absence of glucose under NO
stress when supplemented with lactate and amino acids [31, 42]. Therefore, the acquisition of
secondary carbon sources, in the absence of glucose, is critical for S. aureus to evade the host
innate immune system and further manifest itself in the host.
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Proline Metabolism
Amino acid catabolism is crucial for survival within the human host in the absence of
glucose [33]. Of the amino acids, proline is critical as it serves as a precursor for glutamate, the
key metabolite that connects carbon and nitrogen metabolism (Figure 1) [44, 45]. Frank et al.
traced radiolabeled proline (14C) and detected carbon residues in glutamate and aspartate in an
E. coli proline auxotroph. As the auxotroph is unable to synthesize proline, the detected residues
are derived from the catabolism of the radiolabeled proline [17]. In Bacillus subtilis, a model grampositive bacterium, the loss of proline catabolic biosynthetic genes is associated with a growth lag
or abolishment of growth [21, 45]. Moreover, the relationship between glutamate and proline is
essential. In the plant species Arabidopsis, it was found that an increase in the activity of P5C
dehydrogenase has been associated with the intracellular accumulation of proline [32].
Glutamate is a critical amino acid serving as a precursor for 2-oxoglutarate, an intermediate in the
tricarboxylic acid cycle (TCA) [46, 47]. Additionally, both glutamate and glutamine serve as
valuable nitrogen donors for the synthesis of a variety of amino acids and nucleotides [45, 48, 49].
In E. coli and B. subtilis, glutamate can be catabolized by the conserved ArgJBCDFGH
pathway to ornithine, and enzymatically converted into arginine or proline [50-52]. Additionally,
E. coli and B. subtilis contain a pathway to synthesize proline directly from glutamate via P5C
dehydrogenase [45, 49, 51]. However, the metabolism of proline in S. aureus differs from the
conserved pathways found in B. subtilis and E. coli. As a proline and arginine auxotroph, S. aureus
catabolizes proline into glutamate via PutA and RocA, but S. aureus does not have the enzymatic
capability to synthesize proline using glutamate as a precursor (Figure 1) [16, 53]. While the S.
aureus genome encodes the conserved argJBCDFGH pathway, the growth conditions that derepress this operon are not known [54]. Townsend et al. were unable to detect the 14C label in
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arginine or proline when the media was supplemented with 14C glutamate. However, 14C arginine
was incorporated into proline [53]. Additionally, S. aureus had a growth defect in media lacking
proline, unless it was supplemented with excess arginine [53].
To further confirm if proline served as a precursor for glutamate, our laboratory
discovered that proline dehydrogenase (putA) and P5C dehydrogenase (rocA) mutants had a
significant decrease in growth yield when grown in complete defined medium (CDM) lacking
glutamate (CDM-E) [55]. As predicted when 13C-labled proline and arginine were supplemented
in CDM, Halsey et al. found that 13C-labled proline and 13C-labled arginine were incorporated into
glutamate. However, no 13C derived from glutamate was detected in proline or arginine. These
data indicate that proline and arginine are the primary sources for glutamate synthesis in S. aureus
[55]. Furthermore, our laboratory determined that a glutamate dehydrogenase (gudB) mutant
was unable to grow in the absence of glucose [55]. Our conclusions indicate that glutamate, and
those amino acids that can be converted to glutamate (proline, arginine, and histidine), serve as
the major carbon sources in CDM lacking glucose.
In S. aureus, the conserved catabolite control protein A (CcpA) regulates the expression
of genes required for the utilization of secondary carbon sources. Once the preferred carbon
source is depleted, CcpA repression of secondary carbon sources is alleviated [56-59].
Furthermore, it was determined that CcpA repress the transcription of proline catabolic and
anabolic genes in the presence of glucose [54, 58, 59]. Transcriptional analysis further revealed
CcpA-dependent

downregulation

of

rocA

(proline

dehydrogenase),

rocD

(ornithine

aminotransferase), and rocF (arginase) (Figure 1) [58, 59]. Additionally, electrophoretic mobility
shift assays (EMSA) determined that CcpA binds to cre elements within the promoters of rocF,
rocD and binds weakly to the proC promoter (See Figure 1) [59]. In conclusion, proline can be
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used as a carbon source only in the absence of glucose, and it can be synthesized from arginine,
or S. aureus will utilize the three proline transporters to acquire it.

7

Figure 1: The metabolic pathways of proline, glutamate, and arginine in JE2
The metabolism of proline to glutamate proceeds from A proline dehydrogenase (PutA) to B P5C
dehydrogenase (RocA). Glutamate may enter the TCA cycle as 2-oxoglutarate through C glutamate
dehydrogenase (GudB). 2-oxoglutarate can be catabolized into glutamate through D glutamate
synthase (GOGAT), and glutamate can also be catabolized into glutamine by E glutamine
synthetase (GlnA). In B. subtilis and E. coli, glutamate can serve as a precursor for ornithine
synthesis via the ArgJBCDFGH pathway [50-52]. While S. aureus encodes F the ArgJBCDFGH
pathway, this is not transcriptionally active [54]. For the catabolism of proline into arginine,
proline is converted into A pyrroline 5-carboxylate by PutA, and then non-enzymatically converted
into glutamate-5-semialdhyde. Glutamate-5-semialdhyde is catabolized into ornithine by
ornithine transferase (RocD), where it proceeds enzymatically through the Urea cycle to citrulline
and arginosuccinate by ArgFGH into arginine. S. aureus can synthesize proline from arginine via
catabolism by H RocF into Ornithine, through RocD. Finally, proline-5-carboxylate is catabolized
by I P5C reductase (ProC) into proline [45, 51, 60]. The ArgJBCDFGH pathway is dashed to
represent a multi-enzymatic pathway.
This figure was adapted from the following sources [45, 49-51, 54, 59, 60].
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Primary and Secondary Response: The Relationship of K+ and Proline Transporters
Primary Response

Upon first exposure to osmotic stress, S. aureus requires a system to immediately adapt to
the loss of water and subsequent decrease in turgor pressure. The first system is composed of
high and low-affinity potassium transporters that will rapidly transport potassium ions (K+) into
the cell [10, 14]. For example, the transport of K+ was found to rapidly increase on first exposure
to osmotic stress, with transcriptional analysis finding upregulation of the transporters in the
presence of 2 M NaCl [24, 61]. Furthermore, mutations in the K+ transporters resulted in a growth
defect and loss of cytoplasmic pH homeostasis [62]. As K+ accumulates and reaches a final
concentration, there is a corresponding increase of internal proline concentration [63]. In B.
subtilis, intracellular proline concentration began to rise 2 hours after exposure to 400 mM NaCl,
which corresponded to the peak of K+ concentration [61]. However, it was observed that K+
transport decreases when the environment exceeds 500 mM NaCl [11]. These data indicate that
proline transport is preferential, as proline can be accumulated to a high concentration in
environments with increasing salinity. Experiments by da Costa et al. determined that proline
could account for approximately 20% of bacterial dry weight after exposure to osmotic stress [64].
Additionally, proline can be accumulated under increasing NaCl concentrations, unlike K+
transport which is hypothesized to be limited to increasing NaCl concentrations [63, 64].
B. subtilis and S. aureus rely on compatible solutes, glycine betaine and proline, to
neutralize the charges from the increasing K+ concentration [10, 61]. A study in B. subtilis
transport experiments found proline biosynthesis had increased before proline was transported
from the medium [9]. Lastly, the activation of proline transport is hypothesized to be dependent
on the intracellular accumulation of K+, as the activation of proline transport occurs after K+ ions
accumulate [65, 66].
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Secondary Response: Proline Transporters
S. aureus has three known proline transporters. OpuD and ProP function as low-affinity
transporters, whereas PutP has been defined as a high-affinity proline permease [28, 30, 67]. The
high-affinity system (presumably PutP) has a Vmax of 1.1 nmol/min/mg, versus a Vmax of 22
nmol/min/mg in the low-affinity system (presumably OpuD and ProP) [53, 67]. To evaluate the
behavior of the high-affinity transporter, Schwan et al. grew S. aureus in defined media with
varying concentrations of proline (1740- 1.74 µM). The putP mutant had a growth defect only in
media containing low concentrations of proline (1.74 µM) [68]. Furthermore, it was found that as
proline concentration decreased, from 17.4 µM to 1.74 µM, putP transcription increased [68].
Moreover, the transcription of putP was found to be negatively regulated by σB (SigB), a stressinducible sigma factor found in several gram-positive bacteria [28, 69]. Schwan et al. determined
that the transcription of putP decreased sharply after exposure to 1M NaCl, which is hypothesized
to activate sigB expression [28]. However, this decrease in transcription is no longer observed in
a sigB mutant suggesting that proline transport is regulated by the stress response [28].
Moreover, PutP has also been found to be important during soft tissue infections. It was
determined that putP transcription increased 45-fold post-infection in the liver and spleen tissue,
indicating that putP may be important for survival in a soft tissue infection. [28]. Lastly, the
bacterial burden of a putP mutant was significantly reduced in an endocarditis model of infection
[30].
S. aureus has two low-affinity proline transporters, ProP and OpuD. Despite sharing
similarity to the ProP homolog in E. coli, little is known about ProP in S. aureus. In E. coli, the lowaffinity system is repressed in the presence of increasing NaCl concentrations [70]. In contrast,
hyperosmotic conditions (1M NaCl) stimulate the expression of the low-affinity transporter
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system (presumably OpuD and ProP) in S. aureus [26, 71]. However, while opuD expression is
induced by osmotic stress, the expression of opuD decreases when NaCl concentrations exceed
400 mM [27]. Therefore, while proP expression is likely induced under increasing NaCl
concentrations, opuD is repressed. As the second known low-affinity transporter, expression of
opuD has been found to increase as proline concentrations increase [27]. When grown in high
concentrations of proline, an opuD mutant had a decrease in intracellular proline from 802
nmol/mg to 489 nmol/mg in comparison to the wild-type strain [64]. In summary, opuD and proP
are expressed under osmotic stress, with opuD expressed in high concentrations of proline [26,
27]. In contrast to the low-affinity proline transporter, the transcription putP increase when
proline levels decrease and is repressed under increasing osmotic stress [28]. Therefore, the three
proline transporters are essential for S. aureus to colonize and adapt to environments that vary
in osmotic pressure and proline concentrations.

11
Proline in Protein Stability
Bacterial cells have evolved to form a system capable of adapting to osmotic stress in
hostile environments, allowing them to colonize a large variety of environmental niches, including
the human host [11, 32]. The system is composed of three factors: 1) the salt in the cytoplasm
2) compatible solutes, and 3) the specific, and non-specific transporters [11]. The first factor is the
accumulation of organic osmolytes (i.e., K+ or amino acids), with amino acids being most cited, to
maintain cytoplasmic salt concentration, and to stabilize proteins [8, 11, 72]. The second factor
is the accumulation of compatible solutes, which are compounds that have no net charge at
physiological pH, and can accumulate to high intracellular concentrations without disrupting
cellular processes [8, 10, 11]. Compatible solutes can serve to balance both the charges from the
rapid accumulation of K+ during the primary response and prevent water loss in hyper or
hypotonic environments [8, 11]. While many compatible solutes exist, proline is the most
ubiquitous and most widely used in nature [32, 73]. Indeed S. aureus grown in media not
supplemented with glycine betaine or proline had a growth defect as NaCl concentrations
increased, while the presence of either compatible solute (glycine betaine or proline) enabled
growth up to 3.06 M NaCl [13]. Finally, the third factor is composed of specific and non-specific
transporters, which in S. aureus can be a combination of K+ transporters, glycine betaine
transporters, and the three known proline transporters: PutP, ProP, and OpuD [8, 11, 14, 67].
Studies observing changes of the amino acid pool in S. aureus, after exposure to osmotic stress,
found proline to rapidly accumulate [13, 19, 73]. Proline is accumulated because it is a net-neutral
osmolyte and readily interacts with proteins improving solubility and stability, therefore
preventing protein denaturation in environments that vary in osmolarity [11, 15, 29].
Furthermore, protein-folding experiments by Auton et al. determined that proline assists with
protein folding and therefore improves stability [74]. In the presence of proline, the exposed side
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chains of an unfolded and unstable protein do not favor interactions with the solvent and
correctly fold into a functional protein [74]. However, when the protein is in the presence of urea,
a denaturing osmolyte, it generates a solvent-protein interaction that facilitates protein unfolding
[74]. In conclusion, the acquisition and utilization of proline prevents proteins from denaturing
when S. aureus is exposed to environments that may compromise cellular integrity.
Though the acquisition of proline in S. aureus is known to be associated with survival
under osmotically stressed conditions, the behavior and regulation of the proline transporters are
largely unknown. In the case of ProP, no studies have investigated the behavior and function in S.
aureus. Our study was designed to address the role of transcriptional regulation of CcpA and SigB
on putP, opuD, and proP in S. aureus JE2. As previously stated, SigB negatively regulates the
expression of high-affinity proline transporter, putP [28]. Additionally, Wetzel et al. did not find
SigB affecting the expression of the low-affinity proline transporter, opuD [27]. However, the role
of SigB regulation on proP is unknown. As CcpA was found to regulate proline catabolism genes,
we investigated if CcpA affects the expression of the three proline transporters [58, 59]. Previous
studies on proline transport in S. aureus have utilized various strains of S. aureus and only
investigated one proline transporter [26-28, 30, 67, 68]. Lastly, we were able to investigate all
three transporters and their expression and regulation in one strain, S. aureus JE2.
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Chapter 2: Materials and Methods
Strains, Media, and Primers
S. aureus USA 300 JE2 proline transporter mutants (proP::ɸNΣ, putP::ɸNΣ, and opuD::ɸNΣ)
and the wild type, S. aureus USA 300 JE2, used in this study were provided by the Nebraska
Transposon Mutant Library (NTML) (Table 1) [75]. The S. aureus sigB mutant strain, JE2 sigB::tetL
strain, was transduced via phage from a S. aureus strain previously described [76]. The S. aureus
ccpA mutant strain, S. aureus JE2 ccpA::tetL, was provided as previously described [54]. S. aureus
strains were cultured in Complete Defined Media (CDM), which is comprised of components listed
in Table 2, and supplemented with 1M or 2M sodium chloride (Fisher Scientific), proline (SigmaAldrich), or 14 mM glucose (Sigma-Aldrich) as previously described [77]. All CDM is noted as CDM
without the addition of 14 mM glucose unless otherwise noted.
S. aureus strains were grown aerobically (10:1 flask to volume ratio, 250 rpm, 37oC) from
a single colony in Tryptic Soy Broth (TSB) (Becton Dickinson, Franklin Lakes, NJ). In order to
establish starting optical density (OD600), 1 mL of media from overnight cultures was removed,
and OD600 was measured on Bio-Rad Smart SpecTM 3000. The starting inoculum was prepared by
removing 1 mL of TSB from overnight flasks, centrifuging sample at 3,000 rpm for 2.5 minutes,
and washed twice with 0.9% Sodium Chloride Irrigation Solution (Baxter Healthcare Corporation).
Finally, media was inculcated to a starting OD600 of 0.05.
Osmotic Shock Experiment:
For this experiment, CDM was prepared without proline (CDM-P), and 60 mLs of CDM-P
was added to a 1 L flask. Media was inoculated to an OD600 of 0.05, and grown until midexponential phase (CDM-P OD600 ~0.75-1.0). Then 5-10mLs of culture were removed and pelleted
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for RNA isolation and free amino acid analysis (See RNA Isolation section). For the osmotic shock,
four stock solutions containing either 5 M NaCl with 3.75 g proline, 5 M NaCl, 3.75 g proline, or
0.576 g proline with 5M NaCl were prepared and warmed to 37oC before use. Then 40mL of each
of the four solutions was added to each culture to a final concentration of CDM-P with 2 M NaCl
2X proline, 2 M NaCl, 2 X Proline, or 2 µM 2X Proline in 100 mLs. 2X proline refers to twice the
concentration normally found in CDM, 0.15 g, and 2 µM proline refers to 0.023 g [77]. OD was
measured every 30 minutes for 2 hours after osmotic shock, with 10-15 mLs of media removed
for RNA isolation and free amino acid analysis.
RNA Isolation, Northern blots, and rtPCR:
S. aureus JE2 was grown overnight in TSB, and cultures were inoculated to an OD600 of
0.05 into CDM, CDM with 1M NaCl, or CDM+ Glucose (CDM+G). Cultures were grown aerobically
in a 10:1 flask to volume ratio at 37°C at 250 rpm. 10-20 mLs of bacterial culture were collected
at early exponential phase, (CDM +/- 1M NaCl: OD600 ~0.2-.4, CDM+G OD600 ~0.8-1.0), midexponential (CDM +/- 1M NaCl: OD600 ~.75-1.0, CDM+G OD600 ~2.0-2.4) and late exponential phase
(CDM +/- 1M NaCl: OD600 ~1.8-2.1, CDMG OD600 ~3.5-4.0). Samples were pelleted at 4,000 rpm
for 15 min at 4°C. Then the supernatant was discarded, and pellets were re-suspended in cold
Qiagen RNA Lysis buffer (RLT) containing 1% β-mercaptoethanol and transferred to 2.0 mL
HydroLogixtm Tubes containing 0.1 mm dia Glass Beads provided by BioSpec. Samples were lysed
in Omni Bead Ruptor from Omni International, for 40 seconds on speed 6. Samples were then
pelleted at 13,300 rpm for 20 min at 4°C. The supernatant was collected and placed in a sterile
1.7 mL tube containing 500 μL cold 100% ethanol. Samples were stored at -80oC.
RNA was isolated from using RNeasy mini kit per manufacturer’s instructions provided by
Qiagen, Inc. The RNA was quantified using a NanoDrop Spectrophotometer using ND-1000
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software, and approximately 3-5. μg of isolated RNA was used for northern analysis. In order to
create labeled DNA probes, the primers listed in Table 3 were amplified with digoxigenin-labeled
dUTP DNA probes with the DIG PCR Mix provided by Roche. The northern blot was hybridized and
washed with DIG buffers and washes provided by Roche. Northern blots were labeled with AntiDigoxigenin-AP Fab fragments from Roche, and ECF substrate provided by GE Healthcare was used
for detection. The northern blots were imaged using the Typhoon FLS 7000 imaging system
provided by GE Healthcare.
To perform rtPCR, RNA was isolated and quantified as described above. Next, cDNA was
generated per manufacturer's instructions provided by Qiagen QuantiTech Kit. Next, the primers
listed in Table 3 were added to form the primer mix for the amplification of three respective
proline transporters (proP, opuD, and putP). The rtPCR was set up according to manufacturer's
instructions provided by LightCycler 480 SYBR Green 1 Master by Roche. Samples were loaded
into a white 96-well plate and quantified using LightCycler 480 II by Roche.
Free Amino Acid Analysis
For free amino acid analysis, 1mL of media is extracted from flasks and pelleted for 5
minutes at 10,000 rpm. 600 µL of the supernatant is then transferred to a clean tube and stored
at -20oC. If both RNA and Free Amino Acid Analysis are performed simultaneously, 1 mL of the
supernatant is removed from the pelleted vial and stored in -20oC until all samples are collected.
The 600 µL sample was subsequently filtered using a 3000 MW cutoff column Vivapsin
500 provided by Sartorius and prepared per manufacturer’s instructions. Samples were analyzed
at the Protein Structure Core Facility with Hitachi L-8800 at the University of Nebraska Medical
Center.
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Table 1: Strain used in this study
Strain Used

Reference

S. aureus JE2

[75]

S. aureus JE2 putP::ɸNΣ

[75]

S. aureus JE2 proP::ɸNΣ

[75]

S. aureus JE2 opuD::ɸNΣ

[75]

S. aureus JE2 sigB::tetL

[76]

S. aureus JE2 ccpA::tetL

[54]

Table 2: Complete Defined Media Components
Group 1
Na2HPO4 2H2O
KH2 PO4
L-aspartic acid
L-alanine
L-cysteine
Glycine
L-glutamic acid
L-histidine
L-isoleucine
L-lysine
L-leucine
L-methionine
L-phenylalanine
L-proline
L-serine
L-threonine
L-tryptophan
L-tyrosine
L-valine
Group 2
D-glucose
MgSO4 7H20
Group 3
Nicotinic Acid
Riboflavin
Thiamin HCL
Biotin
D-pantothenic acid, CA+ salt
Pyridoxal
Pyridoxamine dihydrochloride

g/L
10.00
3.000
0.150
0.100
0.050
0.100
0.150
0.100
0.150
0.100
0.150
0.100
0.100
0.150
0.100
0.150
0.100
0.100
0.150
g/L
2.50
0.50
g/L
0.20
0.20
0.20
0.01
0.20
0.40
0.40
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Group 4
Adenine sulfate
Guanine Hydrochloride
Group 5
Calcium Chloride Hexahydrate
MnS04 H20
FeSO4 7H20

g/L
0.40
0.40
g/L
1.00
0.50
0.30

Table 3 Primers used in this study
Number
1
2
3
4
5
6
7
8
9
10
11
12
13
14

Primer
GGTAGCCGTTTCGTTAGGTATG
GGAACTAGCAAGACACCAGAAA
CTCCAGATAAGCGTCGTAACTC
CGCGTCGTACCACCAAATA
CTGGTTTCGTATCTGGTGGTAAA
GCTAGAATCGACAGCAAGTAAGA
TGGGGATAGGTTTGGTGTTT
GAATCCCCAATGGAAAAATG
ACATGGTGGATGCAAAGAAA
GCTCCAATGTACGCAGTTGT
TTTGGATTGCGTGGATTAAA
TCAACAAATGCACCAGGTTT
AACTGAATCCAAGTGATCTTAGTG
TCATCACCTTGTTCAATACGTTTG

Target on Chromosome
opuD Northern 5’ Forward
opuD Northern 3’ Reverse
proP Northern 5’ Forward
proP Northern 3’ Reverse
putP Northern 5’ Reverse
putP Northern 3’ Reverse
opuD rtPCR 5’ Forward
opuD rtPCR 3’ Reverse
proP rtPCR 5’ Forward
proP rtPCR 3’ Reverse
putP rtPCR 5’ Forward
putP rtPCR 3’ Reverse
sigA 5’ Forward
sigA 3’ Reverse
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Chapter 3: S. aureus Requirement of Proline under Osmotically Stressed Conditions
Amino Acid Accumulation in Chemically Defined Media
S. aureus is able to survive numerous environmental stresses, most notably growing in
high salinity [78]. We found comparable results with S. aureus grown in Complete Defined Media
(CDM) supplemented 1M sodium chloride (NaCl) (Figure 2). In these conditions, S. aureus had a
growth lag but was able to obtain a similar growth yield to CDM without 1M NaCl. As previous
studies correlated the acquisition of proline with survival under osmotic stress, we hypothesized
that under increasing salinity, S. aureus would acquire proline from the surrounding environment
[19, 27, 67]. To address this hypothesis, S. aureus JE2 was grown in CDM with and without 1 M
NaCl. Amino acid consumption was compared between CDM without 1 M NaCl (CDM), and CDM
with 1 M NaCl (CDM 1M NaCl) (Figure(s) 3A-D). When grown in CDM, arginine, proline, and
glutamate were exhausted from the media within 8 hours (Figure 3A). The exhaustion of these
three amino acids is correlated with the late exponential phase of growth (Figure 3B).
While S. aureus grown in CDM has exhausted proline, glutamate, and arginine by late
exponential phase, S. aureus grown in CDM 1M NaCl had exhausted glutamate and proline from
the media (Figure 3C- 3D). Anderson et al. also noted an intracellular accumulation of proline and
glutamine in S. aureus under osmotic stress, with a 1,100% and 3,500% increase after exposure
to 10% NaCl solution, respectively [19]. However, arginine is not exhausted from the media by
the late exponential phase (Figure 3D). In conclusion, our data suggests that S. aureus prefers to
accumulate proline and glutamate under osmotic stress.
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Figure 2: JE2 grown in CDM compared to CDM 1M NaCl
S. aureus JE2 was grown aerobically (10:1 flask to volume ratio) in CDM (solid triangle) and CDM
1M NaCl (solid square). The mean and standard deviation were calculated from experiments
repeated four independent times.
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3A: Amino Acid consumption of JE2 in CDM per OD
S. aureus JE2 was grown aerobically (10:1 flask to volume ratio) in CDM. The OD was compared to
the concentration of amino acids. Media samples were taken for free amino acid analysis at 0, 4,
8 and 10-hour time points.
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Figure 3B: Arginine and glutamate consumption of JE2 in CDM and CDM 1M NaCl
S. aureus JE2 was grown aerobically (10:1 flask to volume ratio) in CDM (solid line) and CDM 1M
NaCl (dashed line). 0M represents CDM and 1M represents CDM 1M NaCl. Media samples were
taken for free amino acid analysis at 0, 4, 8 and 10-hour time points.
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Figure 3C: Proline consumption of JE2 in CDM and CDM 1M NaCl
S. aureus JE2 was grown aerobically (10:1 flask to volume ratio) in CDM (solid line) and CDM 1M
NaCl (dashed line). 0M represents CDM and 1M represents CDM 1M NaCl Media samples were
taken for free amino acid analysis at 0, 4, 8 and 10-hour time points. Figure 3C is the same growth
curve as figure 3B. However, figure 3C examines the proline consumption.

3D: Amino acid consumption of JE2 in CDM 1M NaCl per OD
S. aureus JE2 was grown aerobically (10:1 flask to volume ratio) in CDM 1M NaCl. The OD was
compared to the concentration of amino acids. 1M NaCl represents CDM 1M NaCl. Media samples
were taken for free amino acid analysis at 0, 4, 8 and 10-hour time points.
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Concentration of proline is correlated with growth under osmotic stress
Based on our observation that proline and glutamate are accumulated under osmotic
stress, we hypothesize that limited proline concentrations will negatively affect growth in an
osmotically stressed environment. In order to confirm the relationship between proline
concentrations and growth, S. aureus was grown in CDM with varying concentrations of proline,
with or without the presence of 1M NaCl (Figure(s) 4A- B). In CDM, an increase in proline
concentration was associated with an observed increase in growth rate and growth yield (Figure
4A). However, it was determined that concentrations of proline lower than 1.3 mM have an
observed growth lag, with CDM with no proline (CDM-P) growing to the same yield as 1.74 µM
proline. These data support previous studies noting the concentration of proline associated with
growth rate and growth yield [67, 68].
In order to confirm if concentrations of proline affected the growth of S. aureus under
osmotic stress, S. aureus was grown CDM with 1M NaCl (CDM 1M NaCl). We observed that when
S. aureus was grown in CDM without proline containing 1M NaCl (CDM-P 1M NaCl), it had severe
growth defect (Figure 4B). Additionally, when S. aureus was grown in CDM 1M NaCl with 1.74 µM
proline, it had the same phenotype as CDM-P 1M NaCl (see figure 4B). Proline concentrations
above 650 µM were observed to have a growth lag in the presence of 1M NaCl but could obtain
a similar growth yield to CDM. These results demonstrate that there is a correlation between the
concentrations of proline and growth yield. Moreover, under osmotic stress, S. aureus is not able
to grow without the addition of proline.
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Figure 4A: Effects of limited proline concentration on JE2 in CDM
S. aureus JE2 was grown aerobically (10:1 flask to volume ratio) in CDM. Data in Figure 4A are
representative of growth performed three independent times, except CDM-P which was
performed twice. Concentration of 1.3mM proline is standard proline concentration in CDM [77].

Figure 4B: Effects of limited proline concentration on JE2 in CDM 1M NaCl
S. aureus JE2 was grown aerobically (10:1 flask to volume ratio) in CDM 1M NaCl. Data in Figure
4B is representative of growth experiments performed three independent times, except CDM-P
which was performed twice. Growth in Figure 4A and 4B were performed simultaneously.
Concentration of 1.3mM proline is standard proline concentration in CDM [77].
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Chapter 4: Proline Transporters
Multiple studies associate the survival of S. aureus in a stressed environment to the
transport and utilization of proline [3, 28-30, 68, 79]. To evaluate the function of each proline
transporters (ProP, OpuD, and PutP) in regards to growth in CDM and CDM 1M NaCl, we utilized
the three transporter strains (JE2 opuD::ɸNΣ, proP::ɸNΣ, and putP::ɸNΣ) from the Nebraska
Transposon Mutant Library (figure 5A-B). We hypothesized that putP::ɸNΣ would not have a
growth defect in CDM 1M NaCl, as putP is repressed in the presence of osmotic stress (figure 5B)
[68]. As CDM contains 1.3 mM proline, we further hypothesized that the loss of one of the lowaffinity transporters, opuD::ɸNΣ or proP::ɸNΣ, can be compensated by the activity of the
remaining low-affinity transporter (Figure 5B). Therefore, it was not surprising to find that none
of the transporter mutants displayed any growth lag or defect in CDM or CDM with 1M NaCl.
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Figure 5A: Growth of JE2 TML proline transporters in CDM
S. aureus JE2 and proline transporter mutants from the Nebraska Transposon Mutant Library (TML)
(opuD::ɸNΣ, proP::ɸNΣ, putP::ɸNΣ) were grown aerobically (10:1 flask to volume ratio) in CDM.
The mean and standard deviation from Figure 5A are calculated from growth experiments
performed three independent times.

Figure 5B: Growth of JE2 TML proline transporters in CDM 1M NaCl
S. aureus JE2 and proline transporter mutants from the Nebraska Transposon Mutant Library (TML)
(opuD::ɸNΣ, proP::ɸNΣ, putP::ɸNΣ) were grown aerobically (10:1 flask to volume ratio) in CDM
1M NaCl. Both data from figure 5A and 5B were experiments performed simultaneously, with JE2
CDM serving growth marker for growth in CDM. The mean and standard deviation from Figure 5B
are from growth experiments performed from three independent experiments.
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Northern Blot and rtPCR Results
To evaluate the expression of the three transporters in CDM compared to CDM 1M NaCl,
Northern blot analysis and rtPCR was performed. We observed that in CDM 1M NaCl, the
expression of opuD and proP increased from early to late exponential growth, with the expression
of opuD having the highest fold change (Figure 6). However, the expression of putP did not change
in CDM 1M NaCl when compared to expression in CDM.
The northern transcriptional analysis found that opuD had the highest expression in early
exponential growth in CDM and decreased in expression by late exponential phase (Figure 7A). As
previously discussed, proline is exhausted from the media by late exponential phase. Therefore
the reduction in opuD expression correlates with the exhaustion of proline from CDM. As it was
determined that the expression opuD in CDM 1M NaCl is greater than in CDM, this indicates that
the expression of opuD is induced by osmotic stress. The expression of proP differed from opuD,
in that proP was expressed more during mid-exponential growth (Figure 7B). The expression of
proP is similar to opuD in CDM 1M NaCl as both are induced by osmotic stress. As expected, there
was no detectable expression of putP in CDM 1M NaCl, as previously literature noted repression
of putP expression during osmotic stress (Figure 7C) [68]. In CDM, putP was only expressed in
early exponential phase, indicating that putP might be regulated in mid and late exponential
growth. These data demonstrate a regulation of putP in mid to late exponential phase.
Additionally, we determined that proP and opuD are induced by osmotic stress. Overall, we were
able to confirm previous data supporting that the low-affinity transporters, OpuD and ProP, are
induced by osmotic stress, while the high-affinity transporter, PutP, is repressed.
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Figure 6: rtPCR analysis of JE2 proline transporters grown in CDM and CDM 1M NaCl
Expression of the three transporters (opuD, putP, and prop) was measured from RNA isolated in
early exponential, mid-exponential and late exponential from JE2 grown aerobically (10:1 flask to
volume ratio) in CDM and CDM 1M NaCl. cDNA probes for opuD, putP and proP were used in the
rtPCR analysis. The error bars represent standard deviation from the mean, calculated from three
independent experiments. SigA was used as the transcriptional control.
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Figure 7A: JE2 opuD RNA expression in CDM and CDM 1M NaCl
S. aureus JE2 was grown aerobically (10:1 flask to volume ratio) in CDM and CDM 1M NaCl. RNA
was isolated at early exponential, mid-exponential and late exponential. Samples were hybridized
with opuD DNA probe. The loading control is included below the northern blot.

Figure 7B: JE2 proP RNA expression in CDM and CDM 1M NaCl
S. aureus JE2 was grown aerobically (10:1 flask to volume ratio) in CDM and CDM 1M NaCl. RNA
was isolated at early exponential, mid-exponential and late exponential. Figure 7B is the blot from
7A. Blot from 7A was stripped and re-hybridized with a proP DNA probe. The loading control is
included below the northern blot.
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Figure 7C: JE2 putP RNA expression in CDM and CDM 1M NaCl
S. aureus JE2 was grown aerobically (10:1 flask to volume ratio) in CDM and CDM 1M NaCl. RNA
was isolated at early exponential, mid-exponential and late exponential. Samples were hybridized
with putP DNA probe. The loading control is not included below the northern blot.
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Osmotic Shock Experiment
In order to determine when there is expression of these three transporters, S. aureus JE2
was grown in CDM without proline (CDM-P) and exposed to varying proline and salt
concentrations. First, S. aureus JE2 was grown in CDM-P to mid-exponential phase (figure 8A).
Then S. aureus was subjected to four solutions: 2X proline and 2M NaCl (2X 2M), 2X concentration
of proline (2X), 2 M NaCl (2M), or 2 µM proline and 2 M NaCl (2µM 2M) (figure 8B). 30 minutes
after exposure to the solutions, all samples had a decrease in OD as they were diluted from the
solutions. 1 hour following exposure only the solutions containing proline were able to restore
growth. However, S. aureus JE2 exposed to the 2M NaCl solution, without proline, was unable to
recover from the osmotic stress, and the OD declined.
Through previous northern blot analysis, we determined that both proP and opuD
expression are induced, and putP expression was repressed by the presence of osmotic stress
(Figure(s) 7A-C). We further hypothesized that the expression of the low-affinity transporters,
opuD and proP, would be highest in the 2M, 2X, and 2X 2M solutions, whereas expression of the
low-affinity transporters would decrease in the 2µM 2M solution. However, opuD expression was
weaker in the 2X 2M compared to 2µM 2M (figure 9A). The minimal expression of opuD was
unexpected as OpuD is a low-affinity transporter, and excess proline (2X) would most likely induce
the expression of opuD. Finally, only the 2M and 2µM 2M solutions consistently induced the
expression of opuD. Note that two hours following addition of the various solutions, opuD
expression was not detected in all conditions except the flask containing 2M NaCl.
Similar to opuD, we hypothesized that proP, as it is a low-affinity transporter and induced
by osmotic stress, would be induced by the 2X concentration of proline and 2M NaCl solution. As
predicted, proP was expressed in the 2M NaCl solution (figure 9B). However, proP was only
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expressed in the 2X 2M solution 30 minutes following the addition of the solution. The expression
of proP decreased in the 2X 2M solution 1 hour after exposure and was expressed after one hour
only in the 2µM 2M and 2M solutions. The lack of expression in the 2X proline solution was
unexpected, as OpuD and ProP are low-affinity transporters, and high concentrations of proline
should induce expression of these genes.
As PutP is a high-affinity transporter and repressed in the presence of osmotic stress, we
hypothesized putP would be minimally expressed in either of the 2X or 2M solutions. However,
putP was expressed in both the 2X 2M and 2µM 2M solutions, despite the addition of a 2M NaCl
solution. The expression of putP decreased 1.5 hours after shock (figure 9C). Our experiments
further support the conclusion that osmotic stress upregulates the expression of proP and opuD,
and downregulates putP. Although, in the presence of an osmotic stressor with proline (2X 2M or
2µM 2M), putP expression increased. These results indicate that osmotic stress may override the
physiological regulation of the proline transporter.
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Figure 8A: JE2 growth in CDM-P prior to addition of 2 M NaCl
S. aureus was grown aerobically (10:1 flask to volume ratio) in CDM-P until mid-exponential phase.
Once at mid-exponential phase (OD600 ~.8- 1.0) flasks were exposed 2X 2M, 2µM 2M, 2M NaCl,
and 2X proline. Data in figure 8A are representative of growth performed two independent times.
Figure 8B below documents the growth after osmotic shock.

Figure 8B: JE2 growth in CDM-P following addition of 2 M NaCl
S. aureus JE2 grown aerobically (10:1 flask to volume ratio) in CDM-P and exposed to an addition
of 2X concentration of proline with 2M NaCl, 2X concentration of proline, 2M NaCl solution, or 2
µM concentration of proline and 2M NaCl. Time point 0 is from hour 6 on graph 8A to represent
growth before the osmotic shock. There is an initial decline in OD as the addition of the solutions
dilutes the flasks. However, all solutions were able to recover growth except 2M NaCl. Data in
figure 8B are representative of growth performed two independent times.
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Figure 9A: JE2 opuD RNA expression following addition of 2M NaCl
S. aureus JE2 grown aerobically (10:1 flask to volume ratio) in CDM-P and exposed to an addition
of 2X concentration of proline with 2M NaCl, 2X concentration of proline, 2M NaCl solution, or 2
µM concentration of proline and 2M NaCl. RNA was isolated every 30 minutes after exposure and
hybridized with opuD DNA probe. Lanes 1-14 and lanes 15-17 are separate gels run simultaneously.
Lane 18 was from a separate experiment. The loading control is included below the northern blot.

Figure 9B: JE2 proP RNA expression following addition of 2M NaCl
S. aureus JE2 grown aerobically (10:1 flask to volume ratio) in CDM-P and exposed to an addition
of 2X concentration of proline with 2M NaCl, 2X concentration of proline, 2M NaCl solution, or 2
µM concentration of proline and 2M NaCl. RNA was isolated every 30 minutes after exposure and
hybridized with proP DNA probe. The loading control is included below the northern blot.
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Figure 9C: JE2 putP RNA expression following addition of 2M NaCl
S. aureus JE2 grown aerobically (10:1 flask to volume ratio) in CDM-P and exposed to an addition
of 2X concentration of proline with 2M NaCl, 2X concentration of proline, 2M NaCl solution, or 2
µM concentration of proline and 2M NaCl. RNA was isolated every 30 minutes after exposure and
samples were hybridized with putP DNA probe. The loading control is included below the northern
blot.

35
Amino Acid Analysis of Osmotic Shock Experiment
Our data from Northern blot analysis confirmed that opuD and proP are expressed under
osmotic stress (2X 2M, 2M, and 2µM 2M). Surprisingly, putP expression was detected in 2µM 2M
and 2X 2M, despite previous data demonstrating downregulation of putP under osmotic stress.
To assess our hypothesis that osmotic stress may override the normal physiological regulation of
the transporters, we analyzed the free amino acid concentration from the 2X 2M and 2X solutions
(See Figures 10A-C).
In the 2X proline solution, we observed recovery from osmotic shock and growth,
indicating that proline may be transported despite minimal expression of opuD, proP and putP
(figure 8B). We evaluated the amino acid concentration in 2X solution 30 minutes and 1 hour after
exposure. As expected, no proline was detected at the 0-hour mark or before shock (BS), as S.
aureus was grown in CDM-P. We observed a minimal change in proline concentration 30 minutes
and 1 hour after osmotic shock, yet glutamate and arginine were exhausted from the media
(Figure(s) 10A-C). In these conditions, proline was not acquired from the media, but arginine and
glutamate were most likely serving as secondary carbon sources. Thus, the three proline
transporters were not required and therefore were not expressed.
In the 2X 2M sample, proline was rapidly acquired from the media. However, the
concentration of glutamate decreased slightly in the 2X 2M, compared to 2X. Furthermore, there
is a decrease in glutamate consumption compared to the 2X solution. We also observed a minimal
change in arginine levels. We determined that under osmotic stress S. aureus does not prefer the
acquisition of arginine. In the presence of an osmotic stressor, 2M NaCl with excess proline 2X, S.
aureus rapidly acquired proline from the media utilizing the proline transporters.

36

Figure 10A: Proline consumption of JE2 in CDM-P

Figure 10B: Glutamate consumption of JE2 in CDM-P

Figure 10C: Arginine consumption of JE2 in CDM-P
Proline consumption was measured 30 minutes and 1 hour after osmotic shock in the 2X 2M and
2X samples in figure 10A. Glutamate (10B) and Arginine(10C) concentration were also measured.
Time point 0 Hour is the initial amino acid concentration in CDM-P before JE2 was added. Before
Shock (BS) is the concentration of amino acids before the addition of the four solutions.
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Chapter 5: Regulation of Transporters
As previously discussed in Chapter 2, in the presence of glucose, CcpA negatively regulates
the expression of S. aureus proline catabolic genes (putA, rocF, and rocD) [58, 59]. As M1macrophages rapidly consume glucose, an abscess environment is hypothesized to be glucose
deplete, therefore alleviating CcpA mediated repression and allowing for the expression of proline
catabolic genes [2, 6, 33]. Another important feature of CcpA is that it regulates the production
of virulence factors and contributes to survival in host tissues [58]. Indeed, a ccpA mutant had a
significant reduction in bacterial load in the liver and was defective at forming an abscess [59]. In
order to be fully virulent, S. aureus requires both glycolysis and gluconeogenesis [80]. Therefore,
S. aureus relies on the acquisition of amino acids for a carbon source in the absence of glucose
[33].
Another factor that may regulate the expression of the proline transporters is σB (SigB),
a sigma factor activated in S. aureus in response to stress (i.e. heat shock, NaCl, pH, NO, or
starvation) [69, 81-84]. Previous studies on proline transporters have found that SigB negatively
regulates the expression of putP in S. aureus and positively regulates the expression of opuE (a
low-affinity proline transporter) in B. subtilis [28, 85]. Although opuE in B. subtilis share some
homology to opuD in S. aureus, the expression of opuD was not determined to be affected by SigB
[27]. However, the regulation and expression of sigB vary in different S. aureus strain backgrounds
[82]. While a study found sigB expression was negatively regulated by the presence of 1M NaCl,
other S. aureus strains had increased sigB expression in 1M NaCl [82]. Presently, no studies have
investigated the role of CcpA and SigB on the expression of the proline transporters in S. aureus
JE2.
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CcpA Regulation of the Proline Transporters
We hypothesized that putP expression would be negatively regulated by CcpA, as
putP is hypothesized to utilize proline as a carbon source [25, 86]. Therefore, the expression of
putP would only be necessary for glucose deplete conditions. We further hypothesized that CcpA
would have no effect on the expression of opuD or proP, as the low-affinity transporter are
hypothesized to be only responsive to osmotic stress [26, 27]. Therefore, only in the absence of
glucose would putP be expressed. To determine if CcpA mediates expression of the transporter
genes S. aureus ccpA::tetL and S. aureus JE2 were grown in CDM, and CDM supplemented with 14
mM glucose (CDM+G). Then the RNA expression of the transporters was analyzed during early
and late exponential growth (Figure(s) 11A-D).
The expression of both opuD and putP had increased expression in JE2 ccpA::tetL
(Figure(s) 11A and 11B). However, the corresponding RNA expression in JE2 had decreased
expression in the CDM+G. Surprisingly, there was a decline in putP expression in CDM in JE2 in
comparison to expression of JE2 ccpA::tetL (Figure 11B). It is noted by late exponential phase there
was no expression detected in opuD or putP. In early exponential phase, proP had decreased
expression in CDM+G compared to the JE2 ccpA::tetL, which had increased expression (Figure
11C). By late exponential phase, the expression of proP was minimal in JE2, but there was an
increase in expression in the ccpA::tetL strain (Figure 11D). Our data suggests that the expression
of putP, proP, and opuD are negatively regulated by CcpA. Furthermore, we hypothesize that SigB
may be affecting putP expression in CDM.
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Figure 11A: opuD expression in JE2 and ccpA::tetL
S. aureus strains were grown aerobically (10:1 flask to volume ratio) in CDM+G, and CDM. RNA
was collected from JE2 (gray) and ccpA::tetL (black) at early and late exponential phase and
hybridized with an opuD DNA probe. Lanes 1-4 (early exponential) and 5-8 (late exponential) are
separate images merged from the same membrane. The loading control is included below the
northern blot.

Figure 11B: putP expression in JE2 and ccpA::tetL
S. aureus strains were grown aerobically (10:1 flask to volume ratio) in CDM+G, and CDM. RNA
was collected from JE2 (gray) and ccpA::tetL (black) at early and late exponential phase and
hybridized with a putP DNA probe. Lanes 1-4 (early exponential) and 5-8 (late exponential) are
separate images merged from the same membrane. The loading control is included below the
northern blot.
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Figure 11C: proP early exponential phase in JE2, ccpA::tetL and sigB::tetL
S. aureus JE2, ccpA::tetL, and sigB::tetL were grown aerobically (10:1 flask to volume ratio) in
CDM+G, and CDM with or without 1M NaCl. RNA was collected from cells during early exponential
growth. Samples were then hybridized with a proP DNA probe. The loading control is included
below the northern blot.
For comparing growth in ccpA::tetL to JE2, use lanes 1,3,5,7 for early exponential growth.
For comparing growth in sigB::tetL to JE2 use lanes, 1-4, and 9-12 for early exponential growth.

Figure 11D: proP late exponential phase in JE2, ccpA::tetL and sigB::tetL
S. aureus JE2, ccpA::tetL, and sigB::tetL were grown aerobically (10:1 flask to volume ratio) in
CDM+G, and CDM with or without 1M NaCl. RNA was collected from cells during late exponential
growth. Samples were then hybridized with a proP DNA probe. The loading control is included
below the northern blot.
For comparing growth in ccpA::tetL to JE2, use lanes 1,3,5,7 for late exponential growth.
For comparing growth in sigB::tetL to JE2 use lanes, 1-4, and 9-12 for late exponential growth.
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SigB Regulation of the Proline Transporters

A previous study on the expression of putP observed SigB downregulates putP expression
in osmotically challenged environments [28]. Furthermore, transcription of putP was detectable
only in a SigB mutant background in an osmotically challenged environment [28]. While putP
expression was found to be negatively regulated by SigB, the regulation of the low-affinity proline
transporters in S. aureus is largely unknown. We had previously determined opuD and proP
expression to be upregulated in response to osmotic stress. Therefore, we hypothesized that
expression of opuD and proP is SigB-dependent.
Utilizing Northern blot analysis, JE2, and JE2 sigB::tetL were grown in CDM, and CDM+G,
with or without 1M NaCl (Figure(s) 12A-B). RNA was isolated at early and late exponential time
points (Figure 13A-D). The osmotically induced opuD did not appear to have a difference in
expression in early or late exponential phase between JE2 sigB::tetL and JE2 (Figure 13A-B).
Interestingly in JE2 sigB::tetL, opuD expression increased in CDM+G. The expression of putP in
early exponential phase had no noticeable difference between the JE2 sigB::tetL and JE2 (Figure
13C). However, by late exponential there was minimal expression of putP in JE2, while the
expression of putP in JE2 sigB::tetL was upregulated in CDM and CDM 1M NaCl (Figure 13D). These
data confirm previous findings that SigB regulates the expression of putP and support our
observation that putP was downregulated in JE2 in CDM [14].
The expression of proP in early exponential phase also had a minimal difference
between JE2 sigB::tetL and JE2 in CDM and CDM 1M (Figure 11C). As CcpA negatively mediates
expression of proP, there was minimal expression in CDM+G and CDM+G 1M. However, by late
exponential phase, proP expression in JE2 sigB::tetL was upregulated in CDM+G 1M NaCl and CDM
1M (Figure 11D). These data suggest that JE2 putP expression is negatively regulated by SigB by
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late exponential growth. However, in early exponential growth, putP does not appear to be
regulated by SigB. Finally, the expression of opuD does not appear to be affected by SigB.
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Figure 12A: JE2, ccpA::tetL, sigB::tetL grown in CDM, CDM+G
S. aureus JE2, ccpA::tetL, sigB::tetL were grown aerobically (10:1 flask to volume ratio) in CDM+
glucose, and CDM. Figure 12A is representative of experiments repeated three independent times.

Figure 12B: JE2, ccpA::tetL, sigB::tetL grown in CDM+ 1M NaCl, CDM+G 1M NaCl
S. aureus JE2, ccpA::tetL, sigB::tetL were grown aerobically (10:1 flask to volume ratio) in CDM+ G
with 1M NaCl, and CDM+ 1M NaCl. Figure 12B is representative of experiments repeated three
independent times.
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Figure 13A: opuD expression in early exponential phase in JE2 and sigB::tetL
JE2 and sigB::tetL were grown aerobically (10:1 flask to volume ratio) in CDM with or without
glucose and/or 1M NaCl, and had RNA collected from the early exponential phase. Samples were
hybridized with an opuD DNA probe. Lanes 1-4 and 5-8 are separate images merged from the
same membrane. The loading control is included below the northern blot.

Figure 13B: opuD expression late exponential phase in JE2 and sigB::tetL
JE2 and sigB::tetL were grown aerobically (10:1 flask to volume ratio) in CDM with or without
glucose and/or 1M NaCl. RNA collected from late exponential phase and hybridized with opuD
DNA probe. Lanes 1-3, are from a separate gel run simultaneously with lanes 4-8. However, lanes
4, and are 5-8 separate images merged from the same membrane. The loading control is included
below the northern blot.
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Figure 13C: putP expression early exponential phase in JE2 and sigB::tetL
JE2 and sigB::tetL were grown aerobically (10:1 flask to volume ratio) in CDM with or without
glucose and/or 1M NaCl. RNA collected from early exponential phase and hybridized with putP
DNA probe. Lanes 1-4 and 5-8 are separate images merged from the same membrane. The
loading control is included below the northern blot.

Figure 13D: putP expression late exponential phase JE2 and sigB::tetL
JE2 and sigB::tetL were grown aerobically (10:1 flask to volume ratio) in CDM with or without
glucose and/or 1M NaCl. RNA collected from late exponential phase and hybridized with putP
DNA probe. Lanes 1-4 and 5-8 are separate images merged from the same membrane. The loading
control is included below the northern blot.
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Chapter 6: Discussion
The World Health Organization (WHO) recently posted a list of pathogens identified as
serious health threats with one being S. aureus [87]. The Center for Disease Control (CDC)
estimates antibiotic resistance leads to over two million hospitalizations and 23,000 deaths yearly.
Therefore, it is imperative to research new therapeutic discoveries [1]. A better understanding of
how pathogens can adapt to environmental changes and colonize susceptible niches is a
promising area of research.
As discussed, S. aureus was found to require a functioning metabolic cycle for survival and
proliferation in an abscess environment and circumvent the NO stress [33]. While glucose is
initially present in an abscess, after HF1-α mediated depletion of glucose from M1 macrophages,
S. aureus relies on the acquisition of amino acids for a carbon source, with proline being a critical
amino acid [2]. Proline, a ubiquitous amino acid, can be acquired from the host surrounding tissue
and environment to serve as a carbon source [55, 86]. Proline also functions as an osmoprotectant
to cope with changes in salinity and pH of the various micro-niches of the host [32]. The
acquisitions of proline in S. aureus occurs through three known proline transporters; OpuD, ProP
and PutP [25-27]. We are the first known study to investigate the regulation and behaviors of the
three proline transporters in one strain. Moreover, we sought to investigate the relationship of
the three proline transporters and their respective roles during osmotic stress and potential role
in an abscess environment.
This study found that S. aureus cannot grow without proline in the presence of an osmotic
stressor, and demonstrated a relationship between the concentration of proline and growth yield.
When S. aureus was grown in CDM with limited (1.74 µM) or no proline (CDM-P) in the presence
of 1M NaCl it had severely attenuated growth (Figure 4A-B). However, in the presence of 650 µM
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to 2.0 mM proline, growth is restored (Figure 4A). The amino acid analysis further confirmed the
uptake of both glutamate and proline from the media in the presence of 1M NaCl (Figure 3 A-D).
We also note that more time points are needed to determine the uptake of amino acids between
early to late exponential growth. Glutamate and arginine were also acquired from the media
when S. aureus was exposed to a high concentration of proline (2X), and only when an osmotic
stressor was added (2X 2M) would S. aureus transport proline and glutamate (Figure(s) 10 A-C). It
was noted that arginine was not depleted from the media by late exponential growth in CDM 1M
NaCl, while arginine is exhausted in CDM by exponential growth (Figure 3A, 3C). Whether proline
is serving as a precursor for arginine synthesis under osmotic stress, and why glutamate is more
rapidly acquired during osmotic stress, may be an area for further study. Additionally, we
hypothesize that transport of K+ and the utilization and transport of proline is connected, and we
further posit that CDM with excess K+ would not have a growth lag in 1M NaCl. However, future
studies on the relationship between potassium acquisition and proline utilization are necessary.
In growth conditions under osmotic stress, it was observed that the transporter mutants
in CDM and CDM 1M NaCl had no phenotypic difference compared to the wildtype, S. aureus JE2
(Figure 5A-B). It is hypothesized that the low-affinity transporters can compensate for each other,
as both proP and opuD were found to be transcriptionally active in CDM (Figure 7A-C).
Furthermore, Northern blot and rtPCR data confirmed upregulation of proP and opuD in CDM 1M
NaCl and CDM 2M NaCl. However, the expression of opuD had the largest fold change in late
exponential growth compared to proP (Figure 6A). The expression of opuD in CDM 1M NaCl
mirrored the expression in CDM; in CDM, expression decreased from early to late exponential
phase, while expression increased in CDM 1M NaCl (Figure 7A). It was determined that opuD and
proP expression is induced by osmotic stress, and not the presence of proline, as both transporters
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were expressed in the 2M NaCl solution (Figure 9 A-B). Future studies evaluating the impact of an
opuD and proP double mutant in osmotically stressed conditions may be another area of research.
Our data also supported previous studies that the high-affinity proline transporter gene,
putp, is repressed in the presence of osmotic stress, as the expression of putP was not detected
in CDM 1M or CDM-P with the 2M NaCl solution (Figure(s) 7C, 9C). As previously discussed, the
expression of putP is negatively regulated by osmotic stress and SigB [28]. It was determined in
our study that putP is regulated by SigB in CDM in early exponential and late exponential growth
(Figure 13 C-D). However, S. aureus grown in CDM-P and subsequently exposed to solutions
containing proline with an osmotic stressor (2X 2M, 2µM 2M) induced putP expression. We
further hypothesize that the requirement of proline in osmotically stressed conditions may
override the regulation of putP.
Our results confirm that in the presence of glucose, CcpA negatively regulates the
expression of the three transporters. Previous studies support that only after glucose is depleted
can the genes necessary for utilization of proline be expressed [58, 59]. We observed no
expression of either of the three transporters in CDM+G in JE2, while there was corresponding
expression in ccpA::tetL (Figure 11A-D). Therefore, when S. aureus is in the presence of glucose,
putP, opuD, and proP will be repressed. We further posit that after M1-macrophage dependent
glucose depletion, S. aureus will utilize the three transporters to acquire proline from the
surrounding environment.
We further sought to investigate the role of SigB in S. aureus JE2 on the three proline
transporters (Figure(s) 13A-D). As previously mentioned, putP was found to be negatively
regulated by SigB (Figure 13C-D). Additionally, our study found proP expression to be regulated
by SigB by late exponential phase, as the JE2 sigB::tetL had proP expression in CDMG 1M NaCl
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(Figure 11D). We determined that the expression of opuD was not affected by SigB regulation in
early or late exponential phase (Figure 13A-B).
We further hypothesize that the regulatory effects of CcpA and SigB on these three
proline transporters may overlap in different environments. When grown in CDM+G, we had
expected an increase in expression of opuD, proP, and putP in JE2 ccpA::tetL, as CcpA
downregulates expression in JE2. However, opuD expression was also detected in the JE2
sigB::tetL in CDM+G with minimal expression in JE2 (Figure 13A). Additionally, the expression of
proP in late exponential phase had minimal expression in the JE2 strain, however when grown in
CDM G+ 1M NaCl, JE2 ccpA::tetL was strongly upregulated, as was JE2 sigB::tetL (Figure 11D).
Expression in putP may also have overlapping regulation by CcpA and SigB; when grown in CDM,
putP expression was minimal except in the JE2 ccpA::tetL and in the JE2 sigB::tetL (Figure(s) 11B,
13C-D). However, future studies are needed to investigate the role of CcpA and SigB under
osmotic stress.
We posit it that the colonization and survival of S. aureus in a host depend on its three
proline transporters. Upon colonization of the host, S. aureus is dependent on fermentation of
glucose to resist NO stress, and CcpA negatively regulates the expression of both the genes
required for the transport and catabolism of proline. However, once there is host-mediated
depletion of glucose via HIF-1α, CcpA mediated repression will be alleviated, and S. aureus will
acquire and utilize proline as both as osmoprotectant and carbon source. However, as the pH in
the abscess fluctuates, SigB will negatively regulate the expression of putP and S. aureus will
depend on OpuD and ProP to acquire proline. We further hypothesize that as proP expression is
negatively regulated by SigB by late exponential phase, OpuD will be the primary proline
transporter in a late stage abscess.
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Finally, the proline transporters may be critical for establishing an abscess as previous
studies on skin and soft tissue infections identify putP as essential for survival in animal models
[28, 30, 68]. In a S. aureus skin abscess, putP expression increased 39.5-fold after 4 hours to 29fold after 8 hours in murine model[28]. However, expression decreased 1.5-fold after 18 hours
[28]. Schwan et al. further investigated putP expression in human abscesses and found similar
expression in a young abscess, but found limited expression of putP in an older abscess [28]. We
posit that this is indicative of SigB regulation on putP expression in a late stage abscess.
Furthermore, a putP mutant has a significant decrease in the viable count, and higher LD50 than
the parental strain [30, 68]. Interestingly, the expression of opuD in a skin abscess increased 1.5fold after 4 hours and a two-fold increase after 18 hours in a murine model [27]. The expression
level of opuD is opposite that of putP, as putP expression decreases by 18 hours, while opuD
increases [27, 28]. The activities of the low and high-affinity transporters may be complementing
each other to facilitate optimal proline uptake [27, 28]. Therefore, future studies on the behavior
of the three proline transporters in an animal model may have the potential to discover new drug
targets on the metabolism and adaptation of S. aureus.

51
References
1.
2.
3.

4.

5.
6.
7.
8.
9.

10.
11.
12.

13.
14.
15.
16.
17.

18.
19.
20.
21.

House, T.W., National Strategy for Combating Antibiotic Resistant Bacteria, in Center for
Disease Control. 2014.
Cheng, A.G., et al., A play in four acts: Staphylococcus aureus abscess formation. Trends
Microbiol, 2011. 19(5): p. 225-32.
Alreshidi, M.M., et al., Changes in the Cytoplasmic Composition of Amino Acids and
Proteins Observed in Staphylococcus aureus during Growth under Variable Growth
Conditions Representative of the Human Wound Site. PLoS One, 2016. 11(7): p. e0159662.
Kaufman, T., et al., Topical acidification promotes healing of experimental deep partial
thickness skin burns: a randomized double-blind preliminary study. Burns Incl Therm Inj,
1985. 12(2): p. 84-90.
Schneider, L.A., et al., Influence of pH on wound-healing: a new perspective for woundtherapy? Arch Dermatol Res, 2007. 298(9): p. 413-20.
O'Neill, L.A., R.J. Kishton, and J. Rathmell, A guide to immunometabolism for
immunologists. Nat Rev Immunol, 2016. 16(9): p. 553-65.
Grice, E.A. and J.A. Segre, The skin microbiome. Nat Rev Microbiol, 2011. 9(4): p. 244-53.
Harries, D. and J. Rosgen, A Practical Guide on How Osmolytes Modulate Macromolecular
Properties, in Methods in Cell Biology, A.S. Gladfelter, Editor. 2008, Elsevier. p. 679-725.
Kempf, B. and E. Bremer, Uptake and synthesis of compatible solutes as microbial stress
responses to high-osmolality environments. Archives of Microbiology, 1998(170): p. 319330.
Poolman, B. and E. Glaasker, Regulation of compatible solute accumulation in bacteria.
Mol Microbiol, 1998. 29(2): p. 397-407.
Sleator, R.D. and C. Hill, Bacterial osmoadaptation: the role of osmolytes in bacterial stress
and virulence. FEMS Microbiol Rev, 2002. 26(1): p. 49-71.
Vijaranakul, U., et al., Characterization of an NaCl-sensitive Staphylococcus aureus mutant
and rescue of the NaCl-sensitive phenotype by glycine betaine but not by other compatible
solutes. Appl Environ Microbiol, 1997. 63(5): p. 1889-97.
Graham, J.E. and B.J. Wilkinson, Staphylococcus aureus osmoregulation: roles for choline,
glycine betaine, proline, and taurine. J Bacteriol, 1992. 174(8): p. 2711-6.
Altendorf, K., et al., Osmotic Stress. EcoSal Plus, 2009. 3(2).
Shimizu, K., Regulation Systems of Bacteria such as Escherichia coli in Response to Nutrient
Limitation and Environmental Stresses. Metabolites, 2014. 4: p. 1-35.
Gladstone, G.P., The Nutrition of Staphylococcus aureus; Nitrogen Requirements. The
British Journal of Experimental Pathology, 1937. 18(4): p. 322-333.
Frank, L. and P. Rybicki, Studies of proline metabolism in Escherichia coli. I. The
degradation of proline during growth of a proline-requiring auxotroph. Arch Biochem
Biophys, 1961. 95: p. 441-9.
Christian, J.H., The Influence of Nutrition on the Water Relations of Salmonella
Oranienburg. Australian Journal of Biological Science, 1955. 8: p. 75–82.
Anderson, C.B. and L.D. Witter, Glutamine and proline accumulation by Staphylococcus
aureus with reduction in water activity. Appl Environ Microbiol, 1982. 43(6): p. 1501-3.
Clements, M.O. and S.J. Foster, Stress resistance in Staphylococcus aureus. Trends
Microbiol, 1999. 7(11): p. 458-62.
Gowrishankar, J., proP-mediated proline transport also plays a role in Escherichia coli
osmoregulation. Journal of Bacteriology, 1986. 166(1): p. 331-333.

52
22.

23.

24.

25.

26.

27.

28.

29.
30.

31.
32.
33.

34.
35.
36.

37.

38.
39.

Brill, J., et al., Osmotically Controlled Synthesis of the Compatible Solute Proline Is Critical
for Cellular Defense of Bacillus subtilis against High Osmolarity. Journal of Bacteriology,
2011: p. 5335-5346.
Bashir, A., et al., Plant-derived compatible solutes proline betaine and betonicine confer
enhanced osmotic and temperature stress tolerance to Bacillus subtilis. Microbiology,
2014. 160(10): p. 2283-2294.
Price-Whelan, A., et al., Transcriptional profiling of Staphylococcus aureus during growth
in 2 M NaCl leads to clarification of physiological roles for Kdp and Ktr K+ uptake systems.
MBio, 2013. 4(4).
Wengender, P.A. and K.J. Miller, Identification of a PutP proline permease gene homolog
from Staphylococcus aureus by expression cloning of the high-affinity proline transport
system in Escherichia coli. Appl Environ Microbiol, 1995. 61(1): p. 252-9.
Bae, J.-H. and K.J. Miller, Identification of two proline transport systems in Staphylococcus
aureus and their possible roles in osmoregulation. Applied and Environmental
Microbiology, 1992: p. 471-475.
Wetzel, K.J., D. Bjorge, and W.R. Schwan, Mutational and transcriptional analyses of the
Staphylococcus aureus low-affinity proline transporter OpuD during in vitro growth and
infection of murine tissues. FEMS Immunol Med Microbiol, 2011. 61(3): p. 346-55.
Schwan, W.R., L. Lehmann, and J. McCormick, Transcriptional activation of the
Staphylococcus aureus putP gene by low-proline-high osmotic conditions and during
infection of murine and human tissues. Infect Immun, 2006. 74(1): p. 399-409.
Schwan, W.R. and K.J. Wetzel, Osmolyte transport in Staphylococcus aureus and the role
in pathogenesis. World J Clin Infect Dis, 2016. 6(2): p. 22-27.
Schwan, W.R., et al., Identification and Characterization of the PutP Proline Permease That
Contributes to In Vivo Survival of Staphylococcus aureus in Animal Models. Infection and
Immunity, 1998: p. 567-572.
Vitko, N.P., N.A. Spahich, and A.R. Richardson, Glycolytic dependency of high-level nitric
oxide resistance and virulence in Staphylococcus aureus. MBio, 2015. 6(2).
Liang, X., et al., Proline mechanisms of stress survival. Antioxid Redox Signal, 2013. 19(9):
p. 998-1011.
Richardson, A.R., G.A. Somerville, and A.L. Sonenshein, Regulating the Intersection of
Metabolism and Pathogenesis in Gram-positive Bacteria. Microbiol Spectr, 2015. 3(3): p.
1-27.
Kehl-Fie, T.E. and E.P. Skaar, Nutritional immunity beyond iron: a role for manganese and
zinc. Curr Opin Chem Biol, 2010. 14(2): p. 218-24.
Wakeman, C.A. and E.P. Skaar, Metalloregulation of Gram-positive pathogen physiology.
Curr Opin Microbiol, 2012. 15(2): p. 169-74.
Schapiro, J.M., S.J. Libby, and F.C. Fang, Inhibition of bacterial DNA replication by zinc
mobilization during nitrosative stress. Proc Natl Acad Sci U S A, 2003. 100(14): p. 8496501.
Horsburgh, M.J., The Response of S. aureus to Environmental Stimuli, in Staphylococcus
Molecular Genetics, J. Lindsay, Editor. 2008, Caister Academic Press: Department of
Cellular and Molecular Medicine, St George's, University of London, UK. p. 278.
Fuller, J.R., et al., Identification of a lactate-quinone oxidoreductase in Staphylococcus
aureus that is essential for virulence. Front Cell Infect Microbiol, 2011. 1: p. 19.
Richardson, A.R., et al., Multiple targets of nitric oxide in the tricarboxylic acid cycle of
Salmonella enterica serovar typhimurium. Cell Host Microbe, 2011. 10(1): p. 33-43.

53
40.

41.
42.
43.
44.
45.
46.
47.
48.
49.
50.

51.
52.
53.
54.
55.
56.
57.
58.
59.
60.
61.
62.

Hochgrafe, F., et al., Nitric oxide stress induces different responses but mediates
comparable protein thiol protection in Bacillus subtilis and Staphylococcus aureus. J
Bacteriol, 2008. 190(14): p. 4997-5008.
Deng, X., et al., Steady-state hydrogen peroxide induces glycolysis in Staphylococcus
aureus and Pseudomonas aeruginosa. J Bacteriol, 2014. 196(14): p. 2499-513.
Spahich, N.A., et al., Staphylococcus aureus lactate- and malate-quinone oxidoreductases
contribute to nitric oxide resistance and virulence. Mol Microbiol, 2016. 100(5): p. 759-73.
Greg A. Somerville, R.A.P., Chapter 1 The Biology of Staphylococci, in Staphylococci in
Human Disease, K. B., Editor. 2009, Blackwell Publishing.
Zalkin, H. and J.L. Smith, Enzymes utilizing glutamine as an amide donor. Advancements
in Enzymology and Related Areas of Molecular Biology, 1998: p. 87-144.
Belitsky, B.R., et al., Multiple genes for the last step of proline biosynthesis in Bacillus
subtilis. J Bacteriol, 2001. 183(14): p. 4389-92.
Wu, C. and L.H. Yuan, Regulation of synthesis of glutamine synthetase in Escherichia coli.
J Gen Microbiol, 1968. 51(1): p. 57-65.
Reitzer, L., Nitrogen assimilation and global regulation in Escherichia coli. Annu Rev
Microbiol, 2003. 57: p. 155-76.
Belitsky, B.R. and A.L. Sonenshein, Role and regulation of Bacillus subtilis glutamate
dehydrogenase genes. J Bacteriol, 1998. 180(23): p. 6298-305.
Reitzer, L., Biosynthesis of Glutamate, Aspartate, Asparagine, L-Alanine, and D-Alanine.
EcoSal Plus, 2004. 1(1).
Belitsky, B.R., Biosynthesis of amino acids of the glutamate and aspartate families, alanine,
and polyamines, in Bacillus subtilis and its closest relatives. 2002, American Society of
Microbiology. p. 203-231.
Csonka, L.N. and T. Leisinger, Biosynthesis of Proline. EcoSal Plus, 2007. 2(2): p. 1-20.
Cunin, R., et al., Biosynthesis and metabolism of arginine in bacteria. Microbiol Rev, 1986.
50(3): p. 314-52.
Townsend, D.E., et al., Proline is biosynthesized from arginine in Staphylococcus aureus.
Microbiology, 1996: p. 1491-7.
Nuxoll, A.S., et al., CcpA regulates arginine biosynthesis in Staphylococcus aureus through
repression of proline catabolism. PLoS Pathogens, 2012. 8(11).
Halsey, C.R., et al., Amino Acid Catabolism in Staphylococcus aureus and the Function of
Carbon Catabolite Repression. MBio, 2017. 8(1).
Stulke, J. and W. Hillen, Carbon catabolite repression in bacteria. Curr Opin Microbiol,
1999. 2(2): p. 195-201.
Bettenbrock, K., et al., A quantitative approach to catabolite repression in Escherichia coli.
J Biol Chem, 2006. 281(5): p. 2578-84.
Seidl, K., et al., Effect of a glucose impulse on the CcpA regulon in Staphylococcus aureus.
BMC Microbiol, 2009. 9: p. 95.
Li, C., et al., CcpA Mediates Proline Auxotrophy and Is Required for Staphylococcus aureus
Pathogenesis. Journal of Bacteriology, 2010: p. 3883-3892.
Moses, S., et al., Proline utilization by Bacillus subtilis: uptake and catabolism. J Bacteriol,
2012. 194(4): p. 745-58.
Whatmore, A.M., J.A. Chudek, and R.H. Reed, The effects of osmotic upshock on the
intracellular solute pools of Bacillus subtilis. J Gen Microbiol, 1990. 136(12): p. 2527-35.
Gries, C.M., et al., Potassium Uptake Modulates Staphylococcus aureus Metabolism.
mSphere, 2016. 1(3).

54
63.

64.

65.
66.

67.

68.

69.

70.
71.

72.
73.

74.
75.
76.

77.
78.
79.

80.

Dinnbier, U., et al., Transient accumulation of potassium glutamate and its replacement
by trehalose during adaptation of growing cells of Escherichia coli K-12 to elevated sodium
chloride concentrations. Arch Microbiol, 1988. 150(4): p. 348-57.
da Costa, M.S., H. Santos, and E.A. Galinski, An overview of the role and diversity of
compatible solutes in Bacteria and Archaea. Adv Biochem Eng Biotechnol, 1998. 61: p.
117-53.
Epstein, W., Osmoregulation by potassium transport in Escherichia coli. Federation of
European Microbiology Society, 1986: p. 73-78.
Higgins, C., C. Dorman, and N. Bhriain, Environmental influences on DNA supercoiling: a
novel mechanism for the regulation of gene expression, in The bacterial chromosome, D.K.
Riley, Editor. 1990, American Society for Microbiology: Washington DC. p. 421-232.
Townsend, D.E. and B.J. Wilkinson, Proline transport in Staphylococcus aureus: a highaffinity system and a low-affinity system involved in osmoregulation. J Bacteriol, 1992.
174(8): p. 2702-10.
Schwan, W.R., et al., Low-proline environments impair growth, proline transport and in
vivo survival of Staphylococcus aureus strain-specific putP mutants. Microbiology, 2004.
150(Pt 4): p. 1055-61.
van Schaik, W. and T. Abee, The role of sigmaB in the stress response of Gram-positive
bacteria -- targets for food preservation and safety. Curr Opin Biotechnol, 2005. 16(2): p.
218-24.
Grothe, S., et al., Proline transport and osmotic stress response in Escherichia coli K-12. J
Bacteriol, 1986. 166(1): p. 253-9.
Lim, B. and K. Lee, Stability of the osmoregulated promoter-derived proP mRNA is
posttranscriptionally regulated by RNase III in Escherichia coli. Journal of Bacteriology,
2015: p. 1297-305.
Yancey, P.H., et al., Living with water stress: evolution of osmolyte systems. Science, 1982.
217(4566): p. 1214-22.
Koujima, I., et al., Adaptational change in proline and water content of Staphylococcus
aureus after alteration of environmental salt concentration. Appl Environ Microbiol, 1978.
35(3): p. 467-70.
Auton, M. and D.W. Bolen, Predicting the energetics of osmolyte-induced protein
folding/unfolding. Proc Natl Acad Sci U S A, 2005. 102(42): p. 15065-8.
Fey, P.D., et al., A genetic resource for rapid and comprehensive phenotype screening of
nonessential Staphylococcus aureus genes. MBio, 2013. 4(1): p. e00537-12.
Bischoff, M. and B. Berger-Bachi, Teicoplanin stress-selected mutations increasing
sigma(B) activity in Staphylococcus aureus. Antimicrob Agents Chemother, 2001. 45(6): p.
1714-20.
Hussain, M., J.G. Hastings, and P.J. White, A chemically defined medium for slime
production by coagulase-negative staphylococci. J Med Microbiol, 1991. 34(3): p. 143-7.
Chapman, G.H., The Significance of Sodium Chloride in Studies of Staphylococci. Journal of
Bacteriology, 1945. 50(2): p. 201-203.
Easmon, C.S. and C. Adlam, Staphylococci and staphylococcal infections. Volume 1. Clinical
and epidemiological aspects. Volume 2. The organism in vivo and in vitro. 1983: Academic
Press.
Purves, J., et al., Comparison of the regulation, metabolic functions, and roles in virulence
of the glyceraldehyde-3-phosphate dehydrogenase homologues gapA and gapB in
Staphylococcus aureus. Infect Immun, 2010. 78(12): p. 5223-32.

55
81.

82.

83.
84.

85.

86.
87.

Chan, P.F., et al., The Staphylococcus aureus alternative sigma factor sigmaB controls the
environmental stress response but not starvation survival or pathogenicity in a mouse
abscess model. J Bacteriol, 1998. 180(23): p. 6082-9.
Guldimann, C., et al., Resilience in the Face of Uncertainty: Sigma Factor B Fine-Tunes
Gene Expression To Support Homeostasis in Gram-Positive Bacteria. Appl Environ
Microbiol, 2016. 82(15): p. 4456-69.
Pane-Farre, J., et al., The sigmaB regulon in Staphylococcus aureus and its regulation. Int
J Med Microbiol, 2006. 296(4-5): p. 237-58.
Hennekinne, J.A., M.L. De Buyser, and S. Dragacci, Staphylococcus aureus and its food
poisoning toxins: characterization and outbreak investigation. FEMS Microbiol Rev, 2012.
36(4): p. 815-36.
Spiegelhalter, F. and E. Bremer, Osmoregulation of the opuE proline transport gene from
Bacillus subtilis: contributions of the sigma A- and sigma B-dependent stress-responsive
promoters. Molecular Microbiology, 1998. 29(1): p. 285-296.
Wood, J.M., Proline porters effect the utilization of proline as nutrient or osmoprotectant
for bacteria. Journal of Membrane Biology, 1988. 106(3): p. 183-202.
Organization,
W.H.
Antimicrobial
resistance.
2016;
Available
from:
http://www.who.int/mediacentre/factsheets/fs194/en/.

